Background: Measurements of mid-upper arm circumference (MUAC) may result in measurement error due to incorrect placement along the arm or tight pulling of tape. To reduce the risk of these measurement errors, a new wider tape was developed. Objective: To compare the measurement agreement and precision and the ease of use of the standard and wide MUAC tapes. Methods: Mid-upper arm circumference was measured in 814 children aged 9 to 32 months with both tapes. The midpoint of the upper arm was measured with the standard tape and estimated with the wide tape. Standardization sessions were implemented to assess intra-and interobserver precision. Results: Mid-upper arm circumference with the wide MUAC tape was significantly larger than the standard tape (mean [standard deviation]: 14.3 [1.0] cm vs 13.9 [1.0] cm; P < .001), resulting in a consistent bias of þ0.41 cm. Forty-six (5.7%) children were identified with low MUAC <12.5 cm by standard tape compared with 10 (1.2%) by the wide tape (P <.001). Because a new tape could be reproduced by correcting for this bias, we corrected measured results by subtracting 0.41 cm and mean MUAC by tape type was no longer significantly different. Intra-and interobserver technical error of measurement suggested a better precision with the wide MUAC tape. Conclusions: Despite simplifying the measurement by approximating the midpoint of the upper arm, the wide MUAC tape tended to have better precision than the standard MUAC tape. However, there was a consistent measurement bias of þ0.41 cm in mean MUAC. This first field test yielded promising results and led to further product adjustments.
Introduction
Mid-upper arm circumference (MUAC) is a commonly used screening measure for assessing under-and overnutrition and is considered a useful tool for identifying children 6 months to 5 years of age with moderate or severe acute malnutrition and an elevated risk of mortality. 1 The current definitions of acute malnutrition are based either on the weight-for-length z-score (WLZ) <À2 standard deviations (SDs) of the World Health Organization (WHO) growth standards 2 or a MUAC measurement <12.5 cm. 3 Severe acute malnutrition in children is defined as a WLZ <À3 SD or a MUAC <11.5 cm. 1 These cutoffs are used to estimate the prevalence of acute malnutrition and to identify children who require treatment. Mid-upper arm circumference is also frequently measured in research projects to assess the impact of nutritional interventions.
The standard tape to measure MUAC is low cost, and the measurement is considered simple. Indeed, in a recent study of 103 children, minimally trained mothers were able to perform and identify most children with severe acute and moderate acute malnutrition using the 3-color MUAC tape, which is color-coded to indicate the cutoffs for moderate and severe acute malnutrition. 4 For accurate measurements, it is recommended that anthropometrists, field workers, and community health workers should be rigorously trained and standardized to perform MUAC measurements. Because the MUAC results may vary depending on which arm is measured and where along the arm the tape is applied, recommended steps include (1) measuring the left and not the right arm, (2) identifying and marking the midpoint between the tip of the shoulder and the tip of the elbow of the bent arm, and finally (3) measuring with the tape in the correct midpoint position on the straightened arm. 5, 6 Potential sources of inaccuracy of the current MUAC tape include incorrect placement of the tape along the arm, nonperpendicular, placement of the tape, and pulling the tape too tight and thus squeezing the arm. Any of these errors may result in an incorrect MUAC measurement 7 and affect related referral and treatment actions of children with acute malnutrition. Moreover, any measurement error during surveys may result in substantially overestimating the reported prevalence of acute malnutrition. 8 To simplify the MUAC measurement, a new "wide MUAC tape" has been developed by Intellectual Ventures Laboratory Global Good Fund. The team of developers designed the wider tape to eliminate the need to measure the midpoint between the tip of the shoulder and the tip of the elbow, as the wider tape placed at the estimated midpoint would almost certainly include the midpoint. It was also assumed that the wider tape would be less subject to variation in pressure applied by the user. Because of these new features, we hypothesized that the wide MUAC tape would have equal or better precision than the standard MUAC tape and that it would be preferred by anthropometrists because of its ease of use.
The present study describes the first field testing of the new wide MUAC tape. The objectives of the present study were to compare the standard and wide MUAC tapes with regard to (1) measurement agreement, (2) intra-and interobserver precision, and (3) ease of use.
Methods
The present field test of the wide MUAC tape was nested within an ongoing community-based randomized intervention trial, referred to as the Lao Zinc Study. The primary objective of the Lao Zinc Study was to determine the effects of 2 forms of daily preventive zinc supplementation versus therapeutic zinc supplementation for diarrhea on young children's physical growth and other health outcomes. Ethical approval for the study protocol and the consent procedure was provided by the National Ethics Committee for Health Research (Lao Population's Democratic Republic [PDR] ) and the institutional review board of the University of California, Davis. The trial was registered at www.clinicaltrials.gov (NCT02428647). Written informed consent was obtained from one of the child's primary caregivers (mother, father, or legal guardian).
The Lao Zinc Study was implemented in rural villages of Khammouane Province in Lao PDR. Briefly, approximately 3400 infants and young children 6 to 23 months of age were enrolled and individually randomized to 1 of 4 intervention groups. In all groups, children were visited weekly for morbidity surveillance and provision of their assigned supplements for 36 weeks. At baseline and after 18 and 32 to 34 weeks, anthropometric measurements were completed following protocols recommended by the Food and Nutrition Technical Assistance Project. 6 Namely, the body weight of unclothed or minimally dressed children was measured on a frequently calibrated electronic balance with 10 g sensitivity (digital Seca scale 383, Hamburg, Germany). Length was measured with 0.1 cm precision using an infantometer (Seca length board 416). Left MUAC was measured with 0.1 cm precision using a standard nonstretchable 0.8-cm-wide insertion tape (range: 0-26.5 cm, calibrated to 0.1 cm, ShorrTape Measuring Tape; Weigh and Measure, Olney, MD, USA). All measurements were collected in duplicate; if measurements differed by more than 0.1 kg (weight) or 0.5 cm (length, MUAC), the measurement was repeated a third time.
During product development, flat and bifold MUAC designs were manufactured using Mylar material to assess the ease of use of alternative fastening and reading mechanisms on the wider tape. After some in-lab assessments and test measurements of an infant's MUAC, the bifolded tape was selected for use in this study. This 5-cm-wide MUAC tape (range: 0-34 cm, calibrated to 0.1 cm) had a tunnel-like buckle design that ensured correct alignment for reading ( Figure 1 ).
Similar to the standard MUAC measurement, the wide MUAC tape was used to measure MUAC in duplicate, and a third measurement was completed, if the 2 measurements differed by >0.5 cm. Due to the timing of the availability of the new tape in relation to the implementation of the main trial, the assessment of the wide tape was implemented at the midpoint and the end line anthropometric screening visits only. Initially, the wide MUAC measurement was done directly under the armpit of the left arm, as this was considered likely to be the easiest measurement approach. Since this was the first field testing of the new tool, we reserved the option to review preliminary results and adapt measurement strategy as needed. After measuring approximately 270 children with the standard tape and the wide tape under the armpit, we noticed a consistent bias with significantly greater measurements with the wide MUAC tape and hypothesized that this was due to the measurement position under the armpit (Supplemental Table S1 ). Thus, after an internal discussion among the investigators, the wide tape was used to measure MUAC closer to the point of the upper part of the left arm. However, to keep the measurement technique as simple as possible with the wide MUAC tape, the midpoint of the upper arm was not determined by measurement. Instead, the anthropometrists simply estimated the midpoint when conducting the measurement.
Measurements were completed by 3 teams, each consisting of an anthropometrist and an assistant. Each person was trained in their respective role and responsibilities on measurements of length, weight, and MUAC with the standard tape prior to the start of the study. The wide MUAC comparison study was added while the Lao Zinc Study had already been ongoing and was thus implemented in a subgroup of children during the midpoint and end line anthropometric sessions ( Figure 2 ). Anthropometrists were trained briefly on the recommended use of the wide MUAC tape prior to the commencement of the present field test. Scientific field coordinators and coinvestigators frequently visited the screening sites to provide onsite supervision. In addition, regular standardization sessions were implemented to compare the performance of anthropometry teams among themselves and with their supervisors. 7 For each standardization session, approximately 15 children (range: 9-26 children) were invited, and oral consent by the caregiver was documented on a verbal consent log. Each anthropometry team performed each measurement (ie, length, weight, standard MUAC, wide MUAC under armpit, and/or wide MUAC mid-upper arm) only once and then the child would move on to the next anthropometry team. After completion of 1 round of measurements, the team received a new data collection form for the second round of anthropometric measurements. The purpose of separating the duplicate measurements was to limit the possibility that anthropometry teams would remember and try to match the second measurement to their first measurement. To reduce the participants' burden, not all anthropometric measurements were performed during all standardization sessions. Thus, the number of sessions varied by anthropometric indices. However, all MUAC measurements were generally performed in the same session and for each child; the order of MUAC measurements (by standard or wide tape) was randomly assigned to reduce possible measurement bias.
A structured questionnaire was developed to collect information from anthropometry staff about their experiences and preferences during the training and use of the MUAC tapes. Prior to conducting the interview, it was emphasized that answering the questionnaire was voluntary. A 5-point scale (eg, 1, not at all easy; 2, slightly easy; 3, somewhat easy; 4, very easy; 5, extremely easy) was used for this questionnaire. confident answering the questionnaire. All members involved in anthropometric measurements agreed to be interviewed (anthropometrists, assistants, and anthropometry supervisors). Because only 8 team members were involved in the MUAC measurements or related supervision, we will present their responses without further statistical analyses.
Statistical Methods
Stata software version 14 (StataCorp [2015] , College Station, Texas) was used to complete statistical analyses. The characteristics of the children are presented as mean (SD) or percentage, as appropriate. Length-for-age z-score (LAZ), weight-for-age z-score (WAZ), WLZ, and MUAC-for-age z-score (MUACZ) were calculated according to the WHO growth standards. 2, 9 Stunting, underweight, and wasting were defined as <À2 SD LAZ, WAZ and WLZ, respectively. Acute malnutrition (moderate and severe combined) was defined as MUAC measurement <12.5 cm and severe acute malnutrition as MUAC <11.5 cm. 3 In the main analyses, we used a paired t test to test for differences between measurement tapes for continuous variables and a McNemar test for dichotomous variables. Comparisons with P < .05 were considered significant. To examine whether age would modify the results, we repeated the main analyses by age groups for 9-to 15-month-, 16-to 22-month-, and 23-to 32-month-old children. We used BlandAltman plots to assess the bias and limits of agreement between the wide MUAC placed approximately at the midpoint of the upper arm and the standard MUAC tapes and between the wide MUAC under armpit and the standard MUAC tapes. 10 In another set of analyses, we corrected the wide MUAC results by measurement bias identified by the Bland-Altman analyses to assess whether the tapes would be equally precise after correction.
Technical error of measurement (TEM) and the coefficient of reliability (R) were calculated according to the formulae used in the WHO Multicenter Growth Reference Study. 11 The intraobserver TEM was calculated using 2 measurements per child from the pooled data from standardization sessions and also from the data collected in the field. In standardization sessions, 3 to 5 anthropometric teams measured each child twice. In the field, 2 to 3 measurements were taken per child by 1 anthropometric team and the 2 closest measurements were used for this calculation. The calculation accounts for the different number of children measured by each anthropometric team by allowing the number of children to vary by anthropometric team. The interobserver TEM and R could only be calculated for the pooled standardization sessions. The average of each anthropometric team's 2 measurements on a child was used for the single measurement for that child. The calculation accounts for the different number of anthropometric teams that measured each child by allowing the number of observers to vary by child.
Results
A total of 814 children with ages 9 to 32 months (mean: 18.0 + 5.4 months) and a high prevalence of stunting (41.3%) and underweight (28.0%) and a relatively low prevalence of wasting (6.6%) participated in the field testing of the standard and the wide MUAC tape (Table 1) . In preliminary studies, we found that for measurements obtained when the wide MUAC tape was placed directly under the armpit, the results were significantly greater than obtained by the standard tape placed exactly at the midpoint Abbreviations: LAZ, length-for-age z-score; WAZ, weightfor-age z-score; WLZ, weight-for-length z-score. a Values presented are means (standard deviation) and n (%).
(14.9 + 1.0 cm vs 13.8 + 0.9 cm; P < .001; Supplemental Table S1 ). When the wide MUAC tape was placed at the approximate midpoint of the upper arm, measurements with the newly developed wide MUAC tape were still significantly larger than with the standard tape (14.3 + 1.0 cm vs 13.9 + 1.0 cm; P < .001; Table 2 ). However, the difference was less when the wide tape was placed just below the armpit. The Bland-Altman plot indicated a bias of þ0.413 cm and 95% limits of agreement were À0.003 to þ0.83 cm between the wide tape placed at the approximate midpoint and the standard tape (Figure 3) . This difference in mean MUAC was consistent for all age groups (Table 2) . Similarly, the ranges in measurements were comparable for both tapes across all age groups. Mean MUACZ for all children was À0.79 + 0.9 by standard MUAC tape and À0.41 + 0.8 by wide MUAC (P < .001). All completed duplicate measurements were within the acceptable range of <0.5 cm. In other words, no measurement had to be repeated for a third time, indicating that both tapes were acceptably precise in duplicate measurements.
Because the wide MUAC yielded a consistent measurement bias across all age groups and another prototype could be produced to correct for this measurement bias, we also compared the standard MUAC tape with asimulated corrected wide MUAC tape after deducting 0.413 cm from each measurement. After this correction was made, there was no significant difference in mean MUAC between the 2 types of tapes (Table 2) .
Forty-six (5.7%) children were identified as acutely malnourished by standard MUAC tape compared with 10 (1.2%) children by the wide MUAC tape (P < .001), and 3 children were identified with severe acute malnutrition by standard tape compared to none by the wide MUAC tape (Table 3) . Consequently, sensitivity of the wide MUAC tape was low and specificity was high compared with the standard tape. However, when the wide MUAC tape was corrected by deducting the measurement bias of 0.413 cm, sensitivity and specificity were substantially improved as shown in Table 3 . The number of children identified with moderate or severe acute malnutrition was no longer significantly different, except for 1 age-group. In particular, among children 16 to When we investigated this discrepancy further by exploring the WLZ of differently categorized children, we found that <2% of children with WLZ > À2 SD were identified as malnourished by the corrected wide MUAC tape. Among wasted children (WLZ < À2 SD), the 2 tapes disagreed on a similar number of children. Namely, 4 wasted children were identified as moderately acute malnourished based on MUAC <12.5 cm by wide tape, but not the standard tape, and 3 children were identified with low MUAC <12.5 cm by the standard tape, but not the wide tape. Four standardization sessions were organized during the course of the present field testing comparing the standard MUAC tape with the wide MUAC tape measured mid-upper arm. Children had a mean age of 13.8 + 5.3 months, and 47.6% were boys. The intraobserver TEM (4 sessions; 42 children) for length and weight was 0.38 cm and 0.07 g, respectively, and was considered acceptable. The interobserver and intraobserver TEM for standard MUAC and wide MUAC was also acceptable ( Table 4 ) and suggested that measurements with the wide MUAC tape placed at the approximate midpoint of the upper arm tended to be slightly more precise.
Eight team members (3 anthropometrists, 3 anthropometry assistants, and 2 anthropometry supervisors) were involved in the MUAC training, assessments, and/or supervisions and answered a structured questionnaire about their experiences and preferences regarding the 2 types of MUAC tapes. Using a 5-point scale ranging from 1 (not at all easy) to 5 (extremely easy), they tended to find learning and using the wide MUAC tape slightly easier. The mean score for learning was 3.1 for the wide MUAC tape compared to 2.6 for the standard MUAC tape, and similarly, the mean score for ease of work was slightly higher (3.5 vs 3.1, respectively). However, the standard MUAC tape was ranked a little higher with regard to their preference for use (3.5 for standard vs 3.0 for wide MUAC). Interestingly, 6 of 8 team members perceived measurements by the standard MUAC tape as more precise than the wide tape. Some additional insights were gained by the open-ended responses provided by the team members. Although they found the extra step needed to measure the midpoint location of the arm with the standard MUAC tape cumbersome, time-consuming, and irritating for the child, some also perceived this same step as important to ensure precision, although this perception was not confirmed by the study results. Several individuals also raised concerns about the material used for this first prototype of the wide tape and suggested it should be softer. Other common suggestions were to add the 3 colors (red, yellow, and green) to the wide MUAC tape to give it "a friendlier look" and because the colors may distract the child temporarily from the measurement.
Discussion
The present study was the first field test of an innovative 5.0-cm-wide MUAC tape, which was placed at the approximate midpoint of the upper arm without measuring the exact location between the tip of the shoulder and the tip of the elbow. Despite simplifying the measurement by approximating the midpoint of the upper arm, the wide MUAC tape tended to have better precision than the standard MUAC tape, possibly because of less variability in compression of the arm. However, we found a consistent measurement bias of þ0.4 cm in mean MUAC of children 9 to 32 months of age with the wide MUAC tape The slightly higher precision with the wide MUAC tape may be of particular advantage in program settings, where anthropometric measurements are often done by community health volunteers or individuals with minimal training and supervision. Although a recent methodological report of Demographic and Health Surveys did not include MUAC specifically, the anthropometric data quality of height and weight assessments was considered inadequate in some of the surveys. 12 In their report, Assaf et al pointed to several cases of measurement errors and also highlight the need for more practice in the measurement. Because both length and MUAC measurements are considered challenging in the field, it is likely that similar conclusions would be drawn for MUAC measurements in programmatic settings. Thus, the simplified measurement and higher precision of the wide MUAC tape may prove to be useful in these settings.
Mid-upper arm circumference and WLZ are recommended indicators for identifying children 6 months to 5 years of age with moderate or severe acute malnutrition. 1, 3 The uncorrected wide MUAC tape had a low sensitivity and failed to identify the same number of children with moderate or severe acute malnutrition as identified by the standard MUAC. Thus, the current prototype would not be acceptable in communityand clinic-based settings where children with acute malnutrition need to be identified and referred for treatment. However, when measurements done with the wide MUAC tape were corrected for the measurement bias, the sensitivity of the wide MUAC tape improved. In fact, the wide MUAC tape identified slightly more children with moderate acute malnutrition defined as MUAC <12.5 cm. However, some discrepancy remained. Namely, 4 children with WLZ < À2SD were identified as moderately acute malnourished by the wide MUAC tape, but not the standard tape, and 3 children with low WLZ were identified as moderately acute malnourished by the standard tape, but not the wide MUAC tape. Thus, after correction, the wide MUAC tape had the same rate of identifying low MUAC as the standard tape. It is known that MUAC and WLZ do not always overlap, which is why Grellety and Golden have suggested that WLZ and MUAC should be used independently to diagnose acute malnutrition. 13 A limitation for the present field study was that the wide MUAC tape was introduced after anthropometrists had already gained experience with the standard MUAC tape. This may also explain why this team of anthropometrists and anthropometry assistants perceived the standard MUAC tape as more precise, even though the data showed a tendency in the opposite direction. It has to be noted that the present field testing was integrated into a randomized controlled trial with rigorous data collection and supervision. Standardization sessions were implemented frequently; after each session, results were discussed with the anthropometry team and retraining was conducted, if needed. Thus, the current field test was implemented in a research context, and further field tests should be completed in programmatic settings where community health workers often are trained and supervised to a lesser extent. The wide MUAC tape should also be compared in settings of higher rates of severe acute malnutrition to ensure that vulnerable children are identified and referred for treatment appropriately with this new tool. Indeed, the field team's feedback and suggestions to produce the wide MUAC tape with a softer material were taken into consideration in subsequent product modifications to design and material by the development team at Intellectual Ventures Laboratory Global Good Fund, and more field tests are planned with the new prototype.
An additional weakness of the present study is the lack of a true gold standard. Thus, it is possible that the mean MUAC in the present study population as measured by the wide MUAC tape was indeed correct and would not need to be corrected by 0.4 cm. However, we considered the standard MUAC measurements as the gold standard only because a standard 0.7 cm-width tape was used in the WHO Multicenter Growth Reference Study and the current recommended international growth standards and the recommended cutoffs for moderate and severe acute malnutrition are based on measurements with a standard-width MUAC tape. 1, 3, 9 Thus, to allow the adoption of an innovative tool like a 5.0-cm-wide MUAC tape, it seems important that it can be used in the context of these same growth standards and cutoffs. Future field tests with slightly revised prototypes will be needed to evaluate this further.
Conclusion
The present field testing was the first to assess an innovative wide-width MUAC tape among young children living in rural communities of Lao PDR. This low-cost tool allowed for simplification of field measurement techniques by estimating the midpoint of the upper arm instead of measuring it. The precision was good, and feedback from the field team was taken into consideration for further product development. Future field tests will be needed to test the accuracy and precision of this modified prototype and ensure that the wider tape reliably identifies children with severe and moderate acute malnutrition.
